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A Naﬁon (NF) ionomer was used as a potential new template or scaﬀold for mesoporous metal composites
because intrinsic meso-structures have been found in NF. A facile EC catalytic process, involving a Cu+-
mediated Pt reduction (CMPR), was successfully used as a major source of Pt nanoparticles (nPts). We
found that Cu+ assisted nPts formation and self-assembly in the micro-framework of NF ionomers
applied to prepare Pt–nanoparticle-embedded Naﬁon composites (NF(Ptnano)) exhibiting two diﬀerent
nanostructure characteristics including a microelectrode array with low Pt loading and mesoporous Pt
with high Pt loading. The NF(Ptnano) composites exhibited high catalytic activity and sensing ability
without the need for time-consuming template-removing processes. The application of nonenzymatic
glucose detection served as a probe to track the micro-morphological variation in NF(Ptnano)
composites. It was demonstrated that NF(Ptnano) composites exhibited ultra-high sensitivity and
selectivity to glucose sensing.Introduction
Mesoporous metal composites and metals are broadly used in a
diverse range of applications including catalysis, fuel cells, and
chemical sensors.1–5 Mesoporous Pt and its alloys usually
exhibit higher active surface area than smooth Pt, and are of
particular importance to many electrochemical applications
such as electrocatalysts in fuel cells and electrochemical
sensors.6–13 The synthesis of mesoporous metal composites and
metals is challenging because at the nanoscale, metals favor low
surface areas to minimize the surface energy. Previous routes to
prepare mesoporous metals involved two types of processes:
top-down and bottom-up. Top-down processes such as deal-
loying involved a transition from the macroscopic to the
nanometer level in order to fabricate a nanostructured metal.
Dealloying is a type of corrosion that separates the components
of an alloy by selective dissolution of a lesser noble metal from a
bimetallic alloy. This process has been used for the preparation
of Au, Pt, and Raney®nickel.14–19 On the other hand, the bottom-
up process, based on crystal growth, is used to fabricate objects
having dimensions varying from the smallest to the largest
scale. The structure-directing agents (SDAs) or templates, clas-
sied into hard templates (alumina and mesoporous silica)20,21
and so templates (surfactant, lyotropic liquid crystal (LLC),
and block copolymer (BCP)),22–25 are needed in most of theHsing University, Taichung 402, Taiwan,
.edu.tw
tion (ESI) available. See DOI:
–1361bottom-up processes. In order to activate the unique function-
alities of mesoporous metals, certain time-consuming
processes such as thermal treatment, ozonolysis, hydrolysis,
and extraction, were used to eliminate the templates from nal
products.
Herein, we used a Naon (NF) ionomer as a potential new
template or scaﬀold for mesoporous metal composites because
intrinsic meso-structures have been found in NF.26–28 NF, most
widely used as a proton conductor in proton-exchange
membrane fuel cells (PEMFCs), is a peruorinated ionomer that
stands out for its high selective permeability to water and small
cations, including protons.29,30 NF lms have also been exten-
sively used for modifying electrode surfaces and fabricating
sensing devices because of their unique cation-exchange ability
and biocompatibility.31–35 Although the micro-morphology of
NFs has not yet been clearly identied, the cluster-network
model has served as the foundation for numerous studies on
NF.36,37 In the cluster-network model, the NF was composed of a
hydrophobic uorocarbon backbone (hydrophobic domain)
and sulfonated peruoroalkyl ether spherical clusters having
diameters of approximately 4–5 nm, interconnected by hypo-
thetical channels of approximately 1 nm (Scheme 1). In addition
to the templates, the synthesis of uniformly sized, small metal
nanoparticles (NPs), and enthalpic interactions between the
templates and NPs are signicant in the fabrication of meso-
porous metallic materials.23 In our previous study, an EC cata-
lytic process, involving a Cu+-mediated Pt reduction (CMPR),
was successfully used to fabricate monodisperse Pt nano-
particles (nPts) in the NF.38 In this process, the accumulated Cu+
ions from the reduction of Cu2+ ions in the cathodic potentialThis journal is © The Royal Society of Chemistry 2014
Scheme 1 Schematic of the process for Cu+ assisted formation and self-assembly of Pt nanoparticles in the micro-framework of Naﬁon.
Paper Journal of Materials Chemistry Bscan served as a movable mediator in the NF. The Cu+ ion was
chemically reoxidized to the Cu2+ ion by PtCl4
 in the interface
between the NF and PtCl4
 solution (Scheme 1). During the
multiple-scan cyclic voltammetry (MSCV), monodisperse nPts
repeatedly formed in the NF.38 In order to lower Pt loading for
the application of oxygen reduction reactions (ORRs) in fuel
cells, we only focused on the preparation of the nPt containing
composite with low Pt loading (2.5–40 mg cm2) in a previous
study.38 In this study, CMPR was used as a major source of nPts
and Pt loading was increased to 805 mg cm2. Interestingly, we
found that Cu+ assisted the formation and self-assembly of nPts
in the micro-framework of NF. We also found NF(Ptnano)
composites exhibiting two diﬀerent nanostructure characteris-
tics including a microelectrode array with low Pt loading and
mesoporous Pt with high Pt loading.
Measuring glucose concentration is an important issue in
medical applications, especially in the management of dia-
betes.39 Glucose sensors that employ enzymes and operate
invasively and electrochemically have been developed over the
last four decades. The most serious problem of such sensors is
their lack of stability due to the intrinsic nature of enzymes. To
improve this problem, earlier studies attempted to determine
the glucose concentration without using enzymes. Many
enzyme-free glucose sensors have also been proposed, espe-
cially Pt-based amperometric glucose sensors.9–11,34,40 The
microelectrode array and the mesoporous Pt have been previ-
ously used to improve glucose sensing.9,41 In this study, we
applied the NF(Ptnano) composites with dual nanostructured
properties as potential electrode materials for the nonenzy-
matic glucose detection. The application of nonenzymatic
glucose detection also served as a probe to track the micro-
morphological variation in NF(Ptnano) composites.Experimental
Chemicals
99.9% potassium tetrachloroplatinate (Alfa), 99.7% Cu(NO3)2
(JT-Baker), NaClO4 (JT-Baker), H2SO4 (Aldrich), D-(+)-glucose
(Sigma), L-ascorbic acid (AA, Aldrich), 4-acetamidophenol (AP,
Sigma) and 5%Naon peruorinated resin in amixture of lower
aliphatic alcohols and water (Aldrich) were used “as is.”This journal is © The Royal Society of Chemistry 2014Fabrication of nPt-embedded Naon (NF(Ptnano)) composites
The electrochemical experiments were accomplished with a
CHI 660C potentiostat/galvanostat and a three-electrode elec-
trochemical cell. Ag/AgCl (3.0 M NaCl) and a platinum wire were
used as reference and counter electrodes, respectively. A GC
electrode (BAS, 3.0 mm diameter) was used as a substrate
electrode for both NF and NF(Ptnano) composite. The GC elec-
trode was successively polished with a 1.0, 0.3, and 0.05 mm
alumina powder cloth (Buchler) followed by sonication in
deionized water (specic resistivity ¼ 18.2 MU cm1) and dried
before use. Then, 4.0 ml of 5% Naon coating solution was spin-
coated onto the GC electrode at a spin rate of 3000 rpm. An NF|
GC electrode was obtained by evaporating the solvent at room
temperature aer approximately 3 min of spinning. The
NF(Ptnano) composite was obtained by a MSCV between 0.7 V
and 0.0 V vs. Ag/AgCl (potential range for Cu2+/Cu+) in 0.1 M
NaClO4 solution containing 0.1 mM PtCl4
2 and 0.1 mM Cu2+.
The scan rate was 0.05 V s1 and the temperature was 28 C. The
nPt loading was also controlled by the duration of the sweep
cycles in CV. The mass of nPts was directly evaluated from the
reduction charge of Cu2+. (The production of 1 equiv. nPts was
needed to consume 2 equiv. Cu+). The microstructure of
NF(Ptnano) composites was observed with a JEOL JEM-1400
transmission electron microscope (TEM). The image of HR-
TEM is taken using a JEOL JEM-2100F Field Emission Trans-
mission Electron Microscope (FE-TEM). The TEM samples were
prepared by using a Naon deposited Ti grid (NF|Ti) as the
working electrode. The Ti grid was used as a conducting
substrate to support the Naon lm because Ti displayed an
ideal polarization behavior, similar to the GC substrate, in the
same potential range. The NF(Ptnano) composite was formed on
a Ti TEM grid by the same procedure on the GC substrate. X-ray
photoelectron spectroscopy (XPS) was used for surface element
analysis of the as-prepared NF(Ptnano) composite (Fig. S3 in the
ESI†). The XPS data were acquired using the ULVAC-PHI, PHI
5000 VersaProbe/scanning ESCA microprobe. For X-ray diﬀrac-
tion (XRD) measurements (Cu Ka radiation), an ITO glass slide
(10  10 mm) was used as the substrate for NF(Ptnano)
composite to avoid interference from the substrate signal. The
ITO glass slide was sonicated in acetone and ethanol solutions
for 20 min, sequentially rinsed with deionized water (specicJ. Mater. Chem. B, 2014, 2, 1354–1361 | 1355
Journal of Materials Chemistry B Paperresistivity 18.2 MU cm1), and dried in an oven before being
used as the working electrode. Next, 5% NF was dip-coated onto
the ITO glass slide. A uniform NF thin lm was deposited on the
ITO glass slide (NF|ITO) by evaporation in air at room temper-
ature aer about 30 min. The NF(Ptnano) composite was formed
on the NF|ITO by the same procedure as on the GC substrate.Nonenzymatic glucose detection
The NF(Ptnano)|GC electrode was evaluated as a glucose sensor
in a three-electrode electrochemical cell containing 5 ml of
aerated 0.1 M PBS (pH 7.4). While the amperometric curves for
the NF(Ptnano)|GC electrode with lower Pt loading were obtained
in a quiescent solution, those for the NF(Ptnano)|GC electrode
with higher Pt loading were recorded with the successive addi-
tion of 0.1–20 mM glucose in a stirred solution.Results and discussion
An MSCV of Cu2+ in 0.1 M NaClO4 solution containing both
0.1 mM Pt2+ and 0.1 mM Cu2+ on an NF-modied glassy carbon
(NF|GC) electrode recorded in the potential region preceding
the bulk deposition of elemental Cu (0.15 V) was used to
prepare NF(Ptnano) composites (Fig. 1). A shoulder cathodic
wave (c10) arose from the cathodic reaction, Cu
2+ + e/ Cu+. In
addition to the cathodic reduction wave, c10, a new pair of
symmetric redox waves, c2/a2, gradually grew up during the
repeated potential scans. These as-growth symmetric redox
waves corresponded to underpotentially deposited (UPD) Cu
and subsequent stripping of the Cu monolayer on the Pt
surface.11,38 This indicated that Pt was formed and the Pt
loading was gradually increased during the repeated potential
scans. nPts were homogeneously formed in the NF, and the Pt
loading was increased and controlled by repetitive potential
scans (inset in Fig. 1).
Fig. 2A shows a representative TEM image of a bare NF. A
faint two-phase morphology was discernible. Although it was
diﬃcult to determine the relevance of the light and dark
regions, the TEM image was similar to the description of theFig. 1 MSCV recorded on NF|GC in 0.1 M NaClO4 solution containing
0.1 mM Pt2+ and 0.1 mM Cu2+. Scan rate: 0.05 V s1; temperature:
28 C.
1356 | J. Mater. Chem. B, 2014, 2, 1354–1361cluster-network model. TEM images of NF(Ptnano) composites
with diﬀerent Pt loadings are shown in Fig. 2B (15 mg cm2)
and Fig. 2C (200 mg cm2) (Fig. S1 in the ESI†). For the NF lm
with lower Pt loading, the TEM image showed well-dispersed,
highly dense nPts (dark spots) with nearly spherical shapes and
a narrow size distribution of 2.6–3.2 nm (Fig. 2B and S1A in the
ESI†), as determined by the peak-width analysis using XRD in
Fig. 2D. The crystallinity and purity of the as-prepared
NF(Ptnano) composites were investigated by XRD. The NF(Ptnano)
composites were obtained on an NF|ITO as a working electrode
by MSCV (potential range: 0.7 to 0.0 V). XRD analyses of the
composites indicated that they contained Pt with no traces of
other elements other than a background signal from the ITO
substrate (Fig. 2D). The XRD pattern of the NF(Ptnano)
composite showed four peaks corresponding to the (111), (200),
(220), and (311) planes of a face-centered cubic lattice of Pt. The
intensities of the characteristic peaks of Pt increased with
increasing Pt loading in the NF(Ptnano) composite. The peaks
were broad, indicating a small crystal size of the embedded
nPts. The size of the nPts was calculated from X-ray line-
broadening analysis, using the Scherrer formula.42 The size was
calculated to be about 2.8 nm, which was consistent with the
TEM image. Interestingly, the contrast in the image of the NF
lm improved in the presence of nPts. To solve the problem of
weak contrast in the TEM image of NFs, heavy-metal ions (Pb2+
and Cs+)43,44 or metal oxides (RuO2)45 have been incorporated in
the NF to aﬀect electron density contrast, but the improvement
of image contrast with nPts is less reported. As shown in Fig. 2B,
in addition to the dark spots representing nPts, two other
phases in the image could be clearly identied as light and gray
regions. The image exhibited a dense texture of spherical light
areas that were approximately 5 nm in diameter and homoge-
neously distributed in the NF lm. Certain numbers of the
spherical light areas were interconnected with each other. The
gray and light areas corresponded to the uorocarbon backbone
and the ionic clusters in the NF, respectively.45 These observa-
tions were consistent with the cluster-network model charac-
terized by a sulfonated surface consisting of spherical ionic
clusters having diameters of ca. 4–5 nm and interconnected by
hypothetical channels with a width of ca. 1 nm. Surprisingly,
nPts mostly remained in the hydrophobic domain (gray region)
of NF. This observation indicated that nPts were supported on a
mesoporous substrate (NF) full of well-dispersed ionic clusters.
High-resolution TEM of the (NF(Ptnano)) composite in Fig. 2E
and S2 in the ESI† with visible lattice fringes of the nPts
recorded in Fig. 2E and related particles are marked by red dash
circles. The resolution of lattice fringes of nPts was reduced due
to the NF covering on the nPt surface. With higher Pt loading
(Fig. 2C and S1B in the ESI†), while the dark area expanded on
the NF lm and the gray area gradually became darker, a large
number of spherical clusters were still clearly identiable. This
implied that nPts assembled on the uorocarbon backbone and
maintained the micro-framework of the NF in a mesoporous
state.
The CVs of the anionic redox probe, Fe(CN)6
3/4, were used
to understand the eﬀect of Pt loading on the electrochemical
behavior of the NF(Ptnano) composites (Fig. 3A). TheThis journal is © The Royal Society of Chemistry 2014
Fig. 2 TEM image of (A) a bare NF; TEM images of NF(Ptnano) composites with a Pt loading of (B) 15 mg cm2 and (C) 200 mg cm2; (D) XRD
patterns (Cu Ka) of a series of NF(Ptnano) composites and the bare-NF|ITO substrate. The reﬂection patterns were assigned in accordance with
JCPDS card no. 882343 for Pt. (E) The high-resolution TEM image of the (NF(Ptnano)) composite in (B).
Fig. 3 (a) CVs recorded on a series of NF(Ptnano)|GC in 0.1 M NaCl
solution containing 0.5 mM FeCN6
3; (b) CVs recorded at the
NF(Ptnano)|GC electrode and sPt (or macro-Pt) in 0.1 M NaCl solution
containing 0.5mM FeCN6
3. Scan rate: 0.05 V s1; temperature: 28 C.
Paper Journal of Materials Chemistry Buorocarbon backbone and the negative Donnan eﬀect due to
–SO3
 in the NF collectively restricted access of Fe(CN)6
3/4 to
the GC electrode surface in the absence of nPts. The CVs of
Fe(CN)6
3/4 on the GC electrode covered with NF(Ptnano)
composites (NF(Ptnano)|GC) exhibited sigmoidal shapes and
diﬀusion-limited current plateaus in the cathodic potential
scan. Unexpectedly, the redox signal of Fe(CN)6
3/4 was clearly
observed in the low Pt loading (4.2 mg cm2). This result implied
that nPts should ll all ion channels in NF and disperse within
the electron tunneling distance to assist the charge transfer
between the Fe(CN)6
3/4 anion and the GC electrode although
the redox active anions (Fe(CN)6
3/4) are excluded from NF
membrane due to the negative Donnan eﬀect. In addition, an
increase in the redox peak current with increasing Pt loading
indicated an increase in the electroactive surface area.
The sigmoidal shape of CV was observed until Pt loading
reached 40.03 mg cm2. The resulting current density was
approximately 0.08 mA cm2, close to the macro-Pt elec-
trode (Fig. 3B). These results strongly suggested that the
NF(Ptnano) composites with lower Pt loading exhibited the
characteristics of a typical microelectrode array, wherein
the center-to-center distance between the microelectrodes is
controlled to maintain the mass transport of each individual
microelectrode in the hemispherical diﬀusion process.46,47
Furthermore, nPts are well-dispersed in the hydrophobic
region of NF and the ionic clusters in NF provide for an
appropriate distance between the individual nPts. With
higher Pt loading (200 mg cm2), approximately peak-shaped
voltammograms were obtained (Fig. 3B), indicating theThis journal is © The Royal Society of Chemistry 2014overlap of the diﬀusion layers at the individual nPts to
produce a diﬀusion layer that was linear to the geometrical
surface area of the electrode.J. Mater. Chem. B, 2014, 2, 1354–1361 | 1357
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most important properties of any electrocatalyst. The ECSA of
NF(Ptnano) composites was calculated from the charge under the
voltammetric peaks for hydrogen adsorption or desorption
(0.2–0.15 V vs. Ag/AgCl) using the reported value of 210 mC
cm2 for a clean Pt surface.48 The CVs of the NF(Ptnano)
composites with various Pt loadings were recorded in 0.2 M
H2SO4 from 1.2 to 0.2 V (vs. Ag/AgCl) at 0.2 V s1 (Fig. 4). Fine
peaks corresponding to the formation and removal of Pt oxides
and hydrides on the NF(Ptnano) composite were clearly resolved.
The CVs indicated that (a) the surfaces of these lms were clean
and possessed high electrochemical activity and (b) the nPts
adhered to the wall of the hydrophobic area only but were
covered by uorocarbon. The specic ECSA (SECSA ¼ ECSA/nPt
loading, m2 g1, inset of Fig. 4) achieved the highest value
(70.5 m2 g1) with lower Pt loading (5 mg cm2). This value
was higher than that of commercial E-TEK nPts supported on
the porous carbon (Pt/C) catalyst (43.3 m2 g1), and similar or
even higher than that of other Pt/C catalysts used in fuel cell
applications.49,50 The high value of SECSA also suggested the
presence of well-dispersed nPts in NF. The value of SECSA
gradually decreased with increasing Pt loading because of the
overlapping of nPts as well as the growth in the particle size.
Unexpectedly, the value of SECSA did not continually decrease
but gradually tends to a constant value (40–45 m2 g1), since the
Pt loading was higher than 70 mg cm2. The value of SECSA
was still given to39.6 m2 g1 with ultra-high Pt loading (805 mg
cm2). This was similar or even higher than that of the meso-
porous Pt synthesized by the reduction of metal ions dissolved
in LLC or mesoporous Pt composites from the nPts–BCP self-
assembly reported in the literature.23,24 The roughness factor
(RF) and the ratio of ECSA (also considered as microscopic
surface area Am) to geometric area Ag, were also determined. The
RF of NF(Ptnano) composites continually increased as a function
of Pt loading (inset in Fig. 4). These results strongly supported
the formation of a new type of mesoporous metal–organic
composite composed of a large quantity of nPts and an NF
ionomer. A possible mechanism is proposed in Scheme 1. The
cationic properties of Cu+, obtained from the reduction of Cu2+Fig. 4 CVs recorded in 0.2 M H2SO4 for a series of NF(Ptnano)|GC with
1.8, 4.2, 13.2, 40.0, 69.2, 169.8, 357.4, and 805.0 mg cm2 Pt loading.
Scan rate: 0.2 V s1; temperature: 28 C.
1358 | J. Mater. Chem. B, 2014, 2, 1354–1361in the cathodic potential scan, facilitate its self-assembly on the
–SO3
 composed ionic clusters. The CMPR, a key source of nPts,
and the presence of Cu+ assisted in the formation and self-
assembly of nPts in the intrinsic micro-framework of NF. The
NF(Ptnano) composites showed the properties of a microelec-
trode array (or nPts array) with lower Pt loading. On the other
hand, with higher Pt loading, NF(Ptnano) composites exhibited
the properties of mesoporous Pt without altering the micro-
framework of NF.
The application of nonenzymatic glucose detection served as
a probe to track themicro-morphological variation in NF(Ptnano)
composites. The microelectrode array and the mesoporous Pt
have been previously used to improve glucose sensing.9,41 In a
microelectrode array for improving the performance of glucose
sensing, a glucose-active microelectrode such as Ni, Cu, and Pt
was implanted as an array on a glucose-inactive but interfer-
ence-active conductive surface; e.g., carbon or boron-doped
diamond. In chronoamperometric detection, the major inter-
ference compound such as ascorbic acid (AA) presented linear
diﬀusion at a planar macroelectrode (Fig. 5A) and the time
dependence of the current followed Cottrell's equation:48
i ¼ nFACD(pDt)0.5 (1)
F is the faradic constant, and n, A, C, and D represent the
number of transfer electrons, electrode area, concentration of
active species, and diﬀusion constant, respectively. The Cottrell
plot (current vs. t0.5) of AA should be a linear curve that passes
through the origin. The glucose oxidation only occurred on the
glucose-active metal microelectrode part and showed the time-
dependence of the current for hemispherical diﬀusion at a
microelectrode or microelectrode array (Fig. 5B) as follows:48
i ¼ nFACD((pDt)0.5 + 4/(pr)) (2)Fig. 5 Illustration of the diﬀusion proﬁles at NF(Ptnano)|GC with lower
Pt loading for (a) AA (linear diﬀusion process) and (b) glucose (hemi-
spherical diﬀusion process).
This journal is © The Royal Society of Chemistry 2014
Paper Journal of Materials Chemistry Bwhere r represents the radius of themicroelectrode. Because the
rst term of eqn (2), which is attributable to linear diﬀusion, is
negligible in the case of a microelectrode, the current is inde-
pendent of time and depends primarily on the second term for
hemispherical diﬀusion. Therefore, the intercepts in the Cot-
trell plots should correspond to the second term. The CVs and
chronoamperograms (CAs) recorded on a NF(Ptnano) composite
with low Pt loading (20 mg cm2) are shown in Fig. 6 and 7.
Fig. 6A shows the CVs obtained for NF(Ptnano)|GC and NF|GC in
an aerated phosphate-buﬀered saline solution containing 0.15
M NaCl (PBS, pH 7.4) containing 10 mM glucose. A signicant
anodic peak current at 0.089 V vs. Ag/AgCl was only observed
on the NF(Ptnano)|GC but not on the NF|GC. In addition, it
showed the typical characteristic of a microelectrode array of
NF(Ptnano)|GC in that the peak current was independent of the
scan rate (inset in Fig. 6A).48 Fig. 7A shows CAs of PBS con-
taining 1–15 mM glucose on the NF(Ptnano)|GC at 0.4 V vs.
Ag/AgCl. The Cottrell plots (inset A in Fig. 7A) show nonzero
intercepts and small slopes, indicating that the amperometricFig. 6 (A) CVs of 10 mM glucose in aerated 0.1 M PBS at NF|GC (black
line), NF(Ptnano)|GC with a Pt loading of 20 mg cm2 (blue line) and
NF(Ptnano)|GC with a Pt loading of 20 mg cm2 in the absence of
glucose (red line). Scan rate: 0.05 V s1. Inset: plot for peak currents on
CV at 0.089 V vs. square root of scan rate; (B) CVs of 1.0 mM AA
recorded on NF(Ptnano)|GC with a Pt loading of 20 mg cm2 in 0.1 M
PBS solution. Scan rates are 10, 20, 50, 100, and 200mV s1. Inset: plot
for peak currents on CV at 0.15 V vs. square root of scan rate.
Fig. 7 (A) CAs of 1–15 mM glucose in aerated 0.1 M PBS (pH 7.4). Inset
A: related Cottrell plots; inset B: linear dependence of current on
glucose concentration, extracted from the intercept in Cottrell plots;
(B) CAs of 0.05–1.0 mM AA in aerated 0.1 M PBS (pH 7.4). Inset: related
Cottrell plots; (C) CAs of mixtures of 6.0 mM glucose and 0.0–0.5 mM
AA, respectively, in aerated 0.1 M PBS (pH 7.4) at NF(Ptnano)|GC with a
Pt loading of 20 mg cm2. Inset: related Cottrell plots.
This journal is © The Royal Society of Chemistry 2014signal for the oxidation of glucose was consistent with the
hemispherical diﬀusion at a microelectrode array that followed
Cottrell's equation.48
A linear calibration curve (R2 ¼ 0.998, sensitivity ¼ 7.5 mA
cm2 mM1) for concentration vs. intercept was obtained (inset
B in Fig. 7A). The CAs and Cottrell plots for typical interfering
species such as 0.05–1.0 mM ascorbic acid (AA), on the
NF(Ptnano)|GC at 0.4 V vs. Ag/AgCl were recorded in Fig. 7B. The
Cottrell plots for AA exhibited linear curves that passed through
the origin (inset in Fig. 7B). The oxidation of AA on theJ. Mater. Chem. B, 2014, 2, 1354–1361 | 1359
Fig. 8 (A) CAs were recorded on NF(Ptnano)|GC electrodes with higher
Pt loading and sPt at 0.4 V vs. Ag/AgCl with successive addition of 0.1–
20 mM glucose into stirred and aerated PBS. Inset: linear dependence
of current on glucose concentration. Signals were recorded at 50 s
after glucose addition. (B) CAs of successive addition of 0.1–20 mM
glucose and 0.1 mM AA, and 0.1 mM AP into stirred and aerated PBS
were recorded at the NF(Ptnano)|GC electrode (RF: 143.4) and a sPt (RF:
1.4) at 0.4 V vs. Ag/AgCl.
Journal of Materials Chemistry B PaperNF(Ptnano)|GC was consistent with the linear diﬀusion at a
planar macroelectrode and followed Cottrell's equation. This
was further supported by the dependence of the anodic peak
current of AA on the square root of scan rate in CVs (Fig. 6B).
Fig. 7C shows CAs of 6 mM glucose mixed with 0.0–0.5 mM AA,
wherein the Cottrell plots clearly have similar intercepts
(0.048 mA cm2) for all lines. The similar value was also pre-
dicted from the glucose calibration curve in Fig. 7A. These
results strongly suggested that NF(Ptnano) with low Pt loading
exhibited characteristics of a microelectrode array that could be
applied for the selective detection of glucose based on the
diﬀerence in the diﬀusion process between glucose and inter-
fering species.
Mesoporous Pt has also been used to improve nonenzymatic
glucose sensing. In particular, the ultra-high active surface area
(or RF) of mesoporous Pt enhanced kinetically controlled slug-
gish reactions (e.g., oxidation of glucose) to a greater extent than
the diﬀusion-controlled reaction (e.g., oxidation of interfering
species).9 The CAs were recorded on the NF(Ptnano)|GC elec-
trodes with higher Pt loadings (from 60 to 380 mg cm2; RF
from 21.3 to 143.4) and a smooth Pt (sPt, RF ¼ 1.4) at 0.4 V vs.
Ag/AgCl with the successive addition of 0.1–20 mM glucose into
a stirred PBS (Fig. 8). The linear dependence of current response
at NF(Ptnano) composites in the presence of glucose gave rise to
an ultra-high sensitivity from 12.7 to 39.5 mA cm2 mM1 (inset
in Fig. 8A). The highest sensitivity was approximately 166 times
higher than that of the sPt electrode (0.24 mA cm2 mM1).
These values were much higher than 9.6 mA cm2 mM1or
10.8 mA cm2 mM1, which were reported previously for mes-
oporous Pt or nanoporous PtPb networks, respectively.9,10 In
order to demonstrate the excellent sensing ability of NF(Ptnano)
composites, analytical performance comparisons of typical non-
enzymatic glucose-sensing materials reported in the literature
are collected in Table S1.†9,10,41,51,52 Fig. 8B shows that sPt is
highly sensitive to interfering species, AA and AP (4-acet-
amidophenol), but responds only negligibly to glucose. On the
other hand, the NF(Ptnano) composites show ultra-high sensi-
tivity to glucose but a negligible response to the interfering
species. These observations support the fact that NF(Ptnano)
composites with ultra-high sensitivity and selectivity to glucose
sensing are either similar to or better than other nonenzymatic
glucose-sensing nanostructured materials.
To demonstrate the application of the glucose electro-
chemical sensor, glucose concentrations in real samples were
measured. A serum sample of a healthy volunteer was stored
frozen until assay. 1.0 ml of PBS buﬀer solution was added to 0.5
ml of serum sample. Aer vortexing the serum sample for 2
min, the precipitated proteins were separated by centrifugation
for 20 min at 6000 rpm. The clear supernatant layer was ltered
through a 0.45 mmmilli-pore lter to obtain protein-free human
serum sample and its volume was adjusted to 5.0 ml using PBS
buﬀer solution for the following test. Table S2† shows the
results obtained for the glucose content of the real samples
using a standard addition method. As it is obvious, the recovery
rates obtained are in the range of 98–105%.
The continuous CV potential scanning between 0.2 and
1.0 V vs. Ag/AgCl in 0.2 M H2SO4 solution was used for1360 | J. Mater. Chem. B, 2014, 2, 1354–1361investigating the stability of the modied electrode (gure not
shown). The results indicated that aer 100 continuous cycles at
50 mV s1, the voltammetric peak heights and areas did not
show any considerable change. In addition, when the
NF(Ptnano)|GC electrode was preserved in double distilled water
under ambient conditions, no signicant change in the
voltammetric signal was observed aer 6 weeks (<4%).Conclusions
In summary, a facile procedure, CMPR, for fabricating
NF(Ptnano) composites exhibiting two diﬀerent nanostructure
characteristics including a microelectrode array with low Pt
loading and mesoporous Pt with high Pt loading, was devel-
oped. The new SDA (NF) used in our procedure oﬀers the twin
benets of serving as a template and an intrinsic nPt stabilizer
or support. In this study, NF(Ptnano) composites were demon-
strated to be an excellent nonenzymatic glucose-sensing elec-
trode material with ultra-high sensitivity and selectivity. The
NF(Ptnano) composites showed high performance in their cata-
lytic activity and sensing property without the need forThis journal is © The Royal Society of Chemistry 2014
Paper Journal of Materials Chemistry Btime-consuming template-removing processes. Some of the
advantages of our method include: (1) easy control of Pt loading
based on the time for sweep cycles in CV; (2) applicability to
other noble metal systems; and (3) easy modication on various
substrates such as carbon and ITO. Our method to fabricate
NF(Ptnano) composites may also be used in various sensing,
energy-based or catalytic applications.Acknowledgements
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